To investigate the mechanism driving active extension in the central and southern Italian Apennines and the geography of seismic hazard, we compare spatial variations in upper crustal strain-rate measured across exposed fault scarps since 15 ± 3 ka with data on cumulative upper-crustal strain and topographic elevation, and free-air gravity, P-wave tomography and SKS splitting delay times that are a proxy for strain in the mantle. High extensional strain-rates across the Apennines since 15 ± 3 ka (0.4-3.1 mm/yr along 90 km transects) occur in two areas (Lazio-Abruzzo; SE Campania and Basilicata) where values for finite extensional strains that have developed since 2-3 Ma are highest (2-7 km cumulative throw), and where mean elevation in 5 × 90 km NE-SW boxes is > 600 m; the intervening area (NW Campania and Molise) with b 600 m mean elevation in 5 × 90 km boxes has extension-rates b 0.4 mm/yr and lower values for finite extensional strains (b 2 km cumulative throw). These two areas with high upper-crustal strain-rates overlie mantle that has relatively-long spatially-interpolated SKS delay times (1.2-1.8 s) indicating relatively-high mantle strains and free-air gravity values (140-160 mGals); the intervening area of lower extension-rate has shorter spatially-interpolated SKS delay times (0.8-1.2 s) and lower free-air gravity values (120 mGals). The two areas with high upper crustal strain-rates and strain, mean elevation, and mantle strain, coincide with the northern and southern edges of a slab window in the Tyrrhenian-Apennines subducting plate that has been inferred from published P-wave tomography. Together these correlations suggest that dynamic support of the topography by mantle flow through the slab window may control the present day upper crustal strainrate field in the Apennines and the geography of seismic hazard in the region.
Introduction
Northeast-southwest active extension accommodated by normal faults in the Apennines, localised on the crest of~700 km long, b90 km wide, NW-SE trending topographic bulge of the Apennine mountains, occurs in previously shortened continental crust positioned within the zone of convergence between the Eurasian and African Plates (Anderson and Jackson, 1987; Doglioni, 1995; Jolivet et al., 1998; Mazzoli and Helman, 1994) (Fig. 1) . Debate continues concerning the mechanism driving this extension. One view is that the extension is driven by edge effects, that is, the forces resulting from motions that occur along the neighbouring plate boundaries; these forces are a product of the relative motions of rigid plates rotating about Euler poles (D'Agostino et al., 2008) . Another view is that extension is influenced by uplift within the Apennines, where "mantle upwelling beneath the central Apennines has been the dominant geodynamical process during the Quaternary, controlling both the geomorphological evolution and the distribution of active deformation" ). This second viewpoint has emerged because admittance analysis of gravity data shows that the topographic relief at wavelengths longer than 150 km is supported dynamically by mantle convection, suggesting that the topographic bulge, and the active normal faults, have formed due to upwelling mantle beneath the Apennines (D' Agostino et al., 2001) . Although a qualitative link between mantle upwelling and the location of extension has been described , this study did not quantify the relationship between strain-rates and finite strains in the upper crust, topography and geophysical evidence for flow/strain in the mantle.
We investigate the proposed relationship between uplift, topography, mantle upwelling, and strain and strain-rates in the upper crust. If topography is a proxy for uplift produced by mantle upwelling (whilst taking lithology and erosion properly into account), and the upwelling influences the extension (as suggested by D'Agostino et al. (2001)), we would expect spatial variation in upper-crustal strain-rates to correlate with spatial variation in topography. We have measured the spatial variation in upper-crustal strain-rates Earth and Planetary Science Letters 325-326 (2012) [76] [77] [78] [79] [80] [81] [82] [83] [84] 0012-821X/$ -see front matter © 2012 Elsevier B.V. All rights reserved. doi:10.1016/j.epsl.2012.01.028
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Earth and Planetary Science Letters j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / e p s l produced by long-term (since 15 ± 3 ka) slip-rates on active normal faults in the central and southern Apennines and compared these with spatial variations in mean elevation ( Figs. 1 and 2) . The strainrates have been calculated by combining (1) slip-rate data derived from faulted offsets of land surfaces and deposits formed during the last glacial maximum, and (2) slip-directions measured from outcropping striated faults. These combined data allow determination of strain-rate tensors for the time period since 15 ± 3 ka. We also examine the total offsets that have accumulated across the faults during the Quaternary and perhaps since 2-3 Ma. The mean elevations have been sampled from SRTM data. We show that upper-crustal strainrates and finite strain vary along the length of the central and southern Apennines, showing a positive correlation with mean elevation. We review published measurements influenced by the mantle such as free-air gravity, SKS splitting delay times and P-wave tomography and compare them with our measurements of the upper crust (Fig. 3) . We find spatial correlations between independent datasets (Fig. 4) , implying that uplift related to mantle flow influences extension in the upper crust. We use this to discuss continental extension in the Apennines and the geography of seismic hazard in the region.
Extension, uplift and seismicity of the Apennines
Extension in the central and southern Apennines, associated with moderate/large magnitude earthquakes such as the 6th April 2009 M 6.3 L'Aquila earthquake (307 deaths, 80,000 homeless (Anzidei et al., 2009; Atzori et al., 1996; Walters et al., 2009) ), commenced after thrusting in this region ceased during the Pliocene (Cavinato and De Celles, 1999) (Fig. 1 ). Importantly for this paper, extension has been accompanied by uplift relative to sea-level, which increases in magnitude away from the Adriatic and Tyrrhenian coasts inwards towards the Apennine Mountains ).
The present-day/recent uplift-rates in the Apennines have been measured through repeated geodetic levelling of road networks during the periods 1870 -1905 , 1943 -1959 and 1980 (D'Anastasio et al., 2006 . This re-levelling reveals uplift rates in the range of 0-0.5 mm/ yr close to the coasts increasing to 1.0-1.5 mm/yr in the centre of the topographic bulge of the Apennines. This bulging mimics the topographic variations in the Italian peninsula with low elevation coastal plains separated by the high elevations (up to 2900 m) of the Apennines.
Regional bulging has been active during the Quaternary and perhaps earlier, based on the elevations of marine terraces and Holocene coastal notches (Bordoni and Valensise, 1998) . For example, near the Tyrrhenian coast, remnant Neogene-Pleistocene marine deposits increase in elevation inland towards the northeast (Marinelli et al., 1993) . Early Pleistocene shorelines inland of Rome, exposed for almost 100 km along NW-SE strike, have been uplifted by 200-400 m by a large-wavelength regional uplift (Ambrosetti et al., 1982) ; strontium isotope analyses of palaeoshoreline deposits constrain the age of the youngest at 1.65-1.5 Ma, giving estimated uplift rates of 0.17-0.34 ± 0.03 mm/yr (Mancini et al., 2007) . Further inland in the Apennine mountains, remnants of a flat palaeolandscape formed by erosional processes close to sea-level during the Pliocene have been identified at high elevations (1350-1500 m), indicating uplift of over 1000 m since the Pliocene (Galadini et al., 2003 ). An uplift rate of 2.5 mm/yr over the last 1.6 Ma has been estimated using geological units and sedimentation rates for this portion of the central Apennines (Ghisetti and Vezzani, 1999) . Quaternary uplift rates decrease NE towards the Adriatic coast evidenced by the northeast trending parallel drainage network (Demangeot, 1965; Dramis, 1992; Dufaure et al., 1989; Mazzanti and Trevisan, 1978) , and northeast dipping Pleistocene marine-deltaic deposits (Cantalamessa et al., 1986; Ori et al., 1993) . Uplift of the Apennines has produced high erosion rates recorded by the high volume of Quaternary sediments in the northern Tyrrhenian Sea (Zattin et al., 2000) . This regional uplift occurs at rates that are high enough to uplift both the footwalls and the hangingwalls of the active normal faults relative to sea-level. For example, the occurrence of a marine ostracod assemblage in the Upper Pliocene to Lower Pleistocene deposits in the hangingwall of the Rieti fault (R on Fig. 3) indicates that brackish/marine marshes deposited close to sea-level have been uplifted by c. 400 m after the Early Pleistocene (Gliozzi and Mazzini, 1998) . A similar pattern of uplift exists in the Southern Apennines, evidenced by marine terraces and coastal notches, basal unconformities, shallow-marine regression surfaces, and continental erosional surfaces (Ferranti and Oldow, 2005) .
It has been suggested that the timing of the uplift of the Apennines coincides with or post-dates the change from shortening to extension ruling out crustal thickening as the dominant cause , although Mele et al. (2006) , who identify P-to-S phases converted at the Moho, show that the crustal thickness may peak at 39-47 km under the high topography of the Apennines, and suggest that topography could be supported, at least in part, by a crustal root. However, values for free-air gravity, together with study of the admittance associated with these data, suggest that the topography is dynamically supported by mantle convection, specifically mantle rising beneath the main topographic bulge of the Apennines . These authors point out that other independent lines of evidence support the contention that mantle processes contribute to the regional uplift in the Apennines, such as (i) attenuated upper mantle seismic velocities beneath the Apennines (Mele et al., 1996 (Mele et al., ,1997 , (ii) Quaternary mantle-derived magmatism (Beccaluva et al., 1989; Serri et al., 1993) , and (iii) mantle-derived helium in ground waters and natural gases (Hooker et al., 1985; Italiano et al., 2000) . The area is underlain by a window through a subducted slab imaged by P-Wave tomography (Rosenbaum et al., 2008, Fig. 3i ). SKS splitting delay times vary along the strike of the Apennines and have been discussed in terms of mantle strain associated with flow through the slab window (Lucente and Margheriti, 2008; Lucente et al., 2006, Fig. 3h) .
Extension in the upper crust in the central and southern Apennines is accommodated by active normal faults (Fig. 1) . These major faults have lengths of 20-30 km, throws that have accumulated in the Quaternary and perhaps since 2-3 Ma of 0.75-2.0 km (see for discussion of this timing), and throw-rates averaged since 15 ± 3 ka of 0.3-2.0 mm/yr measured from offsets of sediments and landforms that were produced during the last glacial maximum Faure Walker et al., 2009; Pizzi et al., 2002; . Some of these authors also measured the kinematics of the faults, recorded by striated and corrugated fault planes exposed along the post 15 ± 3 ka scarps ( Fig. 3e and f) . These combined data for the active normal faults allow strain-rate tensors to be calculated (Faure Faure Walker et al., 2010, see below Fig. 3 . Spatial relationships between throw-rates since 15 ± 3 ka summed across strike (a, b), throws in the Quaternary and perhaps since 2-3 Ma summed across strike (c, d; from and , SRTM topography and a fault map (e), post 15 ± 3 ka strain-rates calculated in 20 × 90 km boxes and topography (g), free-air gravity and SKS splitting delay times (h), and P-wave tomography (i). (e) and (f) summarise kinematic data for the active faults derived from striated and corrugated fault planes (from Faure Walker (2010), , , , ). All panels are at the same scale and are aligned with respect to distance along the strike of the Apennines and data have been projected onto a transect through the strain-rate bars in Fig. 1 and . These cross-sections demonstrate offsets of up to 2 km on individual faults that have accumulated during the Quaternary and perhaps since 2-3 Ma. When summed across strike, these throw measurements record the spatial variation in finite strain produced during the extension ( Fig. 3c and d ).
It has long been known that destructive earthquakes in central and southern Italy occur along active normal faults located on the crest of the Apennines. It has been noted that (1) the active extension is concentrated along the main topographic ridge of the Apennines and (2) an increase in width of the zone containing active normal faults (between northings 4,800,000 and 4,600,000) correlates with the higher elevation and increased width of the topographic belt ). However, although it is known that extension is concentrated on the crest of the Apennines, and it is thought that the high topography appears to result from mantle upwelling suggesting a causal link between mantle processes and the extension , to date we are unaware of any study that demonstrates a correlation between the mean elevations and strain-rates in the upper crust. By searching for a correlation between mean elevation and strain-rates, we provide a test of the hypothesis that uplift driven by mantle upwelling causes the extension.
Method
In order to calculate strain-rates we modify equations presented by Kostrov (1974) that allow us to convert field measurements of the directions and amounts of slip on active normal faults since 15 ± 3 ka into strain-rates within boxes whose map dimensions we can define. In this case we define 5 × 5 km boxes (see , , that we combine into 5 × 90 km boxes that traverse the Apennines in a NE-SW direction, parallel to the extension direction and minimum stress orientation . A full derivation of the equations involved is available ), but we summarise the main relationships below. , and deeply-incised footwall drainage (Gole di Celano with c. 1000 m of incision), this obscures the regional strain-rate/elevation signal, hence why we have excluded the data. Errors in (a) and (e) from and . Errors in (b), (c) and (d) from Supplementary Table 3 (see Method section for more detail on errors). Kostrov (1974) demonstrated that, if all the strain in a volume is seismic and the dimensions of the faults are small relative to the region, the average strain tensor, ε ij , within the volume can be obtained by summing the moment tensors of all the earthquakes occurring along faults within it:
where ε ij represents the ith component of strain acting on the plane normal to the jth axis, M ij k is the ijth component of the moment tensor of the kth earthquake occurring within a volume V, and μ is the shear modulus. K is the total number of earthquakes in the volume V. However, following Molnar, and England and Molnar (England and Molnar, 1997; Molnar, 1983 ), here we modify this relationship to consider kinematic and deformation rate data for active faults since 15 ± 3 ka instead of individual earthquakes. We make use of the following field measurements: fault strike (Φ), dip (ϑ), slip direction (φ), plunge (p), throw (T) and length of the fault (L). Expressing Eq. (1) in terms of independent components that can be measured in the field and including terms that define a time period over which we measure deformation rates gives the following equations for the horizontal principal strain-rate axis angle (θ) and the strain rate in this direction ( _ ε
We use these equations to calculate the components of the average strain-rate tensor in the horizontal principal directions within 5 × 90 km boxes on a Universal Transverse Mercator (UTM) map projection within the Italian Apennines (Fig. 1) . The data defining the amounts and directions of slip across active faults used in this study come from new fieldwork (Supplementary Table 1 ) that augments data presented in the literature Papanikolaou et al., 2005, Pizzi and Roberts, 2008; (Supplementary Table 2 ) (e.g. See Fig. 3a, b and e). The data document spatial variation in throws across active normal faults that have accumulated since 15±3 ka recorded at 123 sites along the major normal faults using chain surveying techniques, handheld laser range finders, total stations and LiDAR laser scans, and 13,280 measurements of the slip-direction that include the strike, dip, slip-direction, and plunge of the slip-direction at 222 sites made using compass and clinometer measurements of striated and corrugated fault planes. Comparison of our fault map with active fault maps from other research groups ISPRA, 2007; Pace et al., 2006; Schlagenhauf, 2009 ) is favourable, suggesting that there is broad agreement on the locations of active faults, and that we have not omitted major faults mentioned elsewhere in the literature.
Topographic profiles located along the centre of the 5 × 90 km boxes were constructed from SRTM 90 m DEM data using GeoMapApp. Each of the topographic data sets are orientated southwest-northeast and separated along-strike by 5 km intervals. Spot heights along the topographic profiles were sampled approximately every 850 m and used to sample the mean elevation for each profile and study the long wavelength topography. The 5 km width transects were also combined to calculate the mean elevation within 20× 90 km transects ( Fig. 3g and Supplementary Figure A1) . The 95% confidence intervals of the mean elevation were calculated for each topographic profile using the assumption of a normal distribution in the topograpic spot heights:
Given a sample size n from a normal population with variance σ 2 , a 95% confidence interval for the population mean is given by:
where x is the sample mean. The mean elevations for each profile were then plotted to show how the topography changes along the length of the Apennines (Fig. 2) .
In order to produce cross-plots that investigate the relationships between strain-rate and topography presented herein, and cumulative throw and SKS delay times from the literature (Fig. 4 ), values were projected across strike onto a transect running through the centres of the strain-rate bars in Fig. 1b . SKS delay times from Lucente and Margheriti (2008) were sampled along the same transect. Errors in strain-rate incorporate both the uncertainty in the age of the offset landforms (15 ± 3 ka), and variability in measured offset (±1 m), and errors were summed where values for individual faults were summed across strike (Figs. 1, 2, 3a and 4) . Variability of 1 m in vertical offset across an individual scarp over distances of a few tens of metres is typical, quantified by variability measured with millimetre precision from thousands of scarp profiles measured with ground-based LiDAR. Errors in cumulative throw are set by the thicknesses of Mesozoic and Cenozoic formations offset across the active faults recorded on published geological maps, because the formation thicknesses control the resolution of throw measurements. Throw errors for individual locations on faults are on the order of ±100 m , and errors have been summed where values from individual faults were summed across strike.
Results: relationships between faulting and topography
The principal horizontal strain-rates averaged since 15 ±3 ka in 90 km ×5 km transects across the Apennines are shown in Figs. 1 and 2 (strain-rates perpendicular to these values are stated in Supplementary  Table 3 ). The extensional strain-rates are greatest in the northwest of the study area (Abruzzo-Lazio), they are low in the central section (Molise and NW Campania) and then appear to increase slightly in the southeast of the study area (SE Campania and Basilicata). The greatest strainrate associated with a 5 ×90 km transect is found crossing the Fucino basin, Abruzzo, (3.41 
Â10
−8 /yr) corresponding to an extensionrate of 3.1 þ0:7 −0:4 mm/yr (Fig. 2) . Within the southern Apennines, the greatest strain-rate associated with a 90 km transect is 6.71 ±2.26× 10 − 9 /yr, corresponding to an extension-rate of 0.6± 0.2 mm/yr. Extension does continue NW and S of our study area into Umbria and Calabria respectively, but we are unaware of published 15 ± 3 ka throw-rate and 2-3 Ma throw data summed across strike so it is not yet possible to compare our data with these regions. However, for the area we study, in order to investigate whether the aforementioned geographic pattern of strain-rates only applies since 15 ±3 ka, or conversely, is consistent with strain accumulation over a longer period of the history of faulting, we have plotted values of throw-rate summed across strike against values of cumulative throw summed in the same way (Figs. 3a-d and  4a ). As mentioned above the cumulative throws have developed during the Quaternary and perhaps since 2-3 Ma . We find a strong relationship between throw measured over 2-3 Myrs along each transect and throw-rate measured in the same way (R 2 =0.828; Fig. 4a ). We interpret this to mean that the post 15 ±3 ka strain-rate field is a long-lived feature of the deformation of the Apennines as it has dominated the throw accumulation on faults that have been active during the Quaternary and perhaps since 2-3 Ma . Fig. 2 shows the relationships between strain-rates averaged since 15 ± 3 ka and the mean elevation within 5 × 90 km box transects. High extensional strain rates across the central and southern Apennines (0.4-3.0 mm/yr) are found in 5 × 90 km boxes with mean elevation of >600 m; boxes with b600 m mean elevation have extension rates b 0.4 mm/yr. Strain-rates and the mean elevations calculated in 20 × 90 km transects show the same shape and trends, but with a smoothed signal (Fig. 3g, Supplementary Figure A1 and Supplementary Table 4 ). Note that values of topographic gradient averaged along NE-SW transects across the width of the Italian peninsula would show a similar spatial pattern. This is because the Apennines are sub-parallel to 2 coastlines at sea-level, and both coastal plains are approximately equidistant from the transect line we have chosen running through the strain-rate bars in Fig. 1b (see England and Molnar (2005) for the significance of topographic gradients in continental deformation). The areas of high post 15 ± 3 ka strain-rate and relatively-high elevation/gradient coincide with areas with high values for throw summed across strike (Fig. 3a-d) . We interpret this to mean that the relationship between strain-rate and elevation/slope is long-lived, as a strain-rate field similar to that measured post 15 ± 3 ka has dominated throw accumulation in the Quaternary and perhaps since 2-3 Ma (Fig. 4a) . This also suggests that fault lengths were established early in the deformation.
To investigate the strength of the relationship between 15 ± 3 ka strain-rate and mean elevation, we have plotted values of mean elevation in each 90 km × 5 km box, averaged over 50 km along strike, against strain-rate averaged in the same way; we find a strong correlation (R 2 = 0.924; Fig. 4b ). We choose the 50 km length scale as it is longer than the length of individual faults (20-30 km), thus averaging out short length scale variations due to displacement gradients on faults and pre-faulting topography due to local erosion. Note that the relationship appears to be non-linear, and we discuss this below. Overall, for the central and southern Apennines, there are clear correlations between the spatial variation in upper crustal strainrates, finite strain in the upper crust, and mean elevation.
Discussion
We have demonstrated for the first time quantitative correlations between elevation, upper-crustal strain-rate and upper-crustal finite strain within the central and southern Apennines. If the topography is controlled by active uplift that has been in operation during the Quaternary, and uplift results from the mantle upwelling envisaged by D' Agostino et al. (2001) , the correlation between elevation/slope, upper crustal strain-rate and finite strain is consistent with the hypothesis that "mantle upwelling beneath the central Apennines has been the dominant geodynamical process during the Quaternary, controlling both the geomorphological evolution and the distribution of active deformation" (D' Agostino et al., 2001 ).
Furthermore we point out that strain-rates, finite strains and elevation measured in the upper crust correlate with measurements that include the influence of the mantle (Figs. 3h-i and 4c-e) . Firstly, free air gravity values are high (140-160 mGals; Fig. 3h ) in the along strike position where upper crustal extension rate and finite throw values are high (0.4-3.1 mm/yr; 2-7 km cumulative throw summed across strike; Fig. 3a-d) , and low (120 mGals) where upper crustal extension rate and finite throw values are low (b0.4 mm/yr; b2 km cumulative throw). Secondly, SKS splitting delay times vary along the strike of the Apennines (Fig. 3h) . Lucente and Margheriti (2008) interpolated individual splitting time delays over a 10°latitude and 10°longitude grid. Two maxima in these interpolated delay times in the Apennines (c. 1.3-1.7 s) coincide spatially with the two areas that exhibit peaks in post 15 ± 3 ka strain-rate, finite strain, mean elevation and free air gravity; the area between these peaks is characterised by a shorter SKS delay time of 0.8-1.3 s (see Lucente and Margheriti (2008) , their Fig. 1, and our Fig. 3h) . In order to quantify these correlations, Fig. 4 shows that (1) SKS delay times in the mantle correlate with mean elevation in 90 km × 5 km transects ( Fig. 4c ; R 2 = 0.910 and 0.686), (2) SKS delay times in the mantle correlate with upper crustal post 15 ± 3 ka strain-rates ( Fig. 4d ; R 2 = 0.771 and 0.677), and (3) SKS delay times in the mantle correlate with throws across faults in the upper crust that have developed during the Quaternary and perhaps since 2-3 Ma ( Fig. 4e ; R 2 = 0.899 and 0.876). We discuss the differences in these correlations for Abruzzo and the S. Apennines below. However, before this, we note that SKS anisotropy is thought to record alignment of olivine crystals in the mantle and hence cumulative strain in the mantle; longer SKS delay times indicate stronger anisotropy and hence higher strains in the mantle. Thus, we suggest that two peaks in upper crustal strainrate, finite strain and mean elevation overlie two peaks in strain in the mantle evidenced by SKS delay times. These correlations (Fig. 4) , together with evidence of dynamic support of the topography in the Apennines (D'Agostino et al., 2001), suggest that mantle flow influences rates and amounts of extension in the upper crust. We suggest that this coupling between mantle flow and upper-crustal extension is long-lived, evidenced by the fact that cumulative throws across faults that have developed over the Quaternary and perhaps since 2-3 Ma, when summed across strike, correlate with summed offsets that have accumulated since 15 ± 3 ka, and so in turn correlate with mean elevation, Free Air Gravity data and SKS delay times ( Fig. 3c and d) . These correlations are consistent with the hypothesis that mantle flow influences rates of extension in the upper-crust, and also suggests that such coupling has influenced the throws and hence long-term growth rates of the faults during the Quaternary and perhaps since 2-3 Ma. The different correlations that exist between SKS delay time and elevation, strain-rate and finite strain for the southern Apennines and Abruzzo in the central Apennines (Fig. 4c-e) suggest that coupling between mantle strain accumulation and upper crustal strain accumulation differs between these two regions. We note the difference in upper crustal strain-rate over 15±3 ka for these two regions. It may be that there is a non-linear rheological relationship between the driving force and strain-rate, explaining the non-linear relationship between mean elevation and strain-rate shown in Fig. 4b ; however, it is clear that this needs to be studied further, with rheological modelling, before firm conclusions can be drawn.
We speculate that the reason why mantle flow influences uppercrustal extension may be that the north and south edges of the Central Apennines Slab Window imaged using P-wave tomography (Rosenbaum et al., 2008; Wortel and Spakman, 2000, Fig. 3i ), coincide geographically, when projected onto our transect line, with the two peaks in upper crustal strain-rate and strain overlying two peaks in strain in the mantle (Figs. 3, 4 and 5). Asthenospheric mantle may be being forced through the window in the sinking slab, as suggested by Lucente et al. (2006) (see their Fig. 5d ), producing higher strainrates in the mantle close to the edges of the slab window due to bunching of the stream lines. Slab pull forces may also be concentrated at the edges of the torn slab (Wortel and Spakman, 2000) . Moreover, experimental studies of mantle flow associated with broken subducting slabs predict a component of upward force associated with toroidal flow around slab edges from the high-pressure bottom side of the slab to the low-pressure top side (Piramallo et al., 2006; Schellart, 2004; Stegman et al., 2006; Zattin et al., 2000) . This upward force may provide a plausible mechanism to explain the uplift and high topography, although the magnitude of the uplift that could be produced in this way is unconstrained by our study. This physical mechanism for uplift is consistent with the ideas of D'Agostino et al. (2001) in that topography is supported dynamically by motion of the mantle. However, in the scenario suggested herein, the motions and strain-rates would be controlled predominantly by pressure gradients produced by mantle flow and constriction to this flow represented by the slab window, rather than solely by temperature gradients. This hypothesis implies that the age of the slab window is Quaternary and perhaps as old as 2-3 Ma (see for a summary of the debate concerning the age of the initiation of extension). We note that Rosenbaum et al. (2008) , using magmatic evidence, have suggested that tears in the slab were developing as far back as at least 4-6 Ma, with slab break and slab window formation at~2 Ma.
If we are correct that mantle flow controls strain-rates in the upper crust in the Apennines, it follows that mantle flow will control the geography of seismic hazard in the region, as seismic hazard is controlled by rates of slip across active normal faults. As fault specific earthquake recurrence intervals for a given magnitude are inversely proportional to the slip-rates on faults, one would expect more earthquakes of a given magnitude per unit time in regions with higher upper crustal strain rates. Thus, one would expect the number of earthquakes per unit time of a given magnitude to vary along the strike of the Apennines. However, we are left with a problem because it is well-known that horizontal principal strain-rates derived from summation of moment tensors for large (>Mw 6) historical earthquakes since 1349 A.D. (Selvaggi, 1998) , and shear strain rates from GPS re-occupation of a 1875 A.D. triangulation network (Hunstad et al., 2003) show little if any significant difference in strain-rate along the strike of the Apennines (although, GPS rates from Serpelloni et al. (2005) are higher in the central Apennines, by a factor of about 2, than in Molise-north Campania and the southern Apennines). The problem is how to reconcile the strain-rate field since 15 ± 3 ka, that correlates with mantle strains and finite upper crustal strains, perhaps over 2-3 Myrs, with the differing strain-rate fields implied by b c. 100 year-averaged geodetic and moment summation data. We suggest the following way to reconcile strain-rate fields over different timescales: (1) spatial strain-rate variations measured over numerous seismic cycles (15 ± 3 kys) and longer (2-3 Myrs) that correlate with mean elevation, free-air gravity and SKS splitting delay times should be considered to be the 1st order measure of the geography of seismic hazard; (2) deviations from the 1st order measure, derived over timescales that are short (bc. 100 yrs) relative to the seismic cycle (hundreds to thousands of years) (e.g. historical seismicity and geodesy) provide important data on the natural temporal variability in the strain-rate field; (3) study of deviations from the 1st order measure could be inverted to derive the efficacy of second order controls on earthquake recurrence such as triggering via Coulomb stress transfer (Cowie and Roberts, 2001) or fluid effects (Miller et al., 2004; Terakawa et al., 2010 ) that may operate on shorter timescales and lengthscales.
Conclusions
Active normal faults in Italy are localised on the crest of a~200 km topographic bulge elongated along the strike of the Apennines. Spatial variations in upper crustal strain-rate and finite strain across these faults correlate with spatial variations in mean elevation, freeair gravity and SKS splitting delay times for the Italian Apennines. High extension rates across these faults (0.4-3.1 mm/yr in 5 × 90 km boxes traversing the Apennines) are associated with finite cumulative throws of 2-7 km, mean elevation of >600 m, free-air gravity values of 140-160 mGals, and SKS delay times of 1.2-1.8 s; boxes with b600 m mean elevation have extension rates b 0.4 mm/yr, cumulative finite throws of b2 km, free-air gravity values of 120 mGals, and SKS delay times of 0.8-1.2 s. The strong relationships between these variables (R2 = 0.92-0.67; see Fig. 4 ) suggest that flow in the mantle, perhaps controlled by flow through the slab window, produces uplift that drives active extension in the upper crust and thus controls seismic hazard in the region.
Supplementary materials related to this article can be found online at doi:10.1016/j.epsl.2012.01.028.
Slab window
Area of high extensional strain-rate and uplift/topography This data set does not include a few of the faults so in these cases throw-rates and slip vectors 9 derived from other authors are used.
10
The displacement of a stratigraphic boundary, radiocarbon dated at 2020±80 BC, along the 
